Effect of conductive additives to gel electrolytes on activated carbon-based supercapacitors AIP Advances 5, 097171 (2015) We have fabricated a symmetric electrochemical capacitor with high energy and power densities based on a composite of graphene foam (GF) with ∼80 wt% of manganese oxide (MnO 2 ) deposited by hydrothermal synthesis. Raman spectroscopy and X-ray diffraction measurements showed the presence of nanocrystalline MnO 2 on the GF, while scanning and transmission electron microscopies showed needle-like manganese oxide coated and anchored onto the surface of graphene. Electrochemical measurements of the composite electrode gave a specific capacitance of 240 Fg −1 at a current density of 0
We have fabricated a symmetric electrochemical capacitor with high energy and power densities based on a composite of graphene foam (GF) with ∼80 wt% of manganese oxide (MnO 2 ) deposited by hydrothermal synthesis. Raman spectroscopy and X-ray diffraction measurements showed the presence of nanocrystalline MnO 2 on the GF, while scanning and transmission electron microscopies showed needle-like manganese oxide coated and anchored onto the surface of graphene. Electrochemical measurements of the composite electrode gave a specific capacitance of 240 Fg −1 at a current density of 0.1 Ag −1 for symmetric supercapacitors using a two-electrode configuration. A maximum energy density of 8.3 Whkg −1 was obtained, with power density of 20 kWkg −1 and no capacitance loss after 1000 cycles. GF is an excellent support for pseudo-capacitive oxide materials such as MnO 2 , and the composite electrode provided a high energy density due to a combination of double-layer and redox capacitance mechanisms. C 
I. INTRODUCTION
Electric double-layer capacitors (EDLCs) are charge-storage devices with a high power density, long cyclic life and low maintenance cost. [1] [2] [3] [4] They fill the gap between batteries (high energy density) and electrolytic capacitors (high power density). 5, 6 Such properties make them potentially useful for a wide range of applications such as hybrid vehicles, cordless electric tools, memory back-up, cellular phones, medical devices, military and consumer electronics. 7 Nevertheless, the energy stored in supercapacitors (<10 Whkg −1 ) is low compared to lithium ion batteries (>100 Whkg −1 ). This has imposed significant challenges in employing supercapacitors as primary power source for battery replacement. 8, 9 However, the performance of these devices depends on the type, properties and morphologies of the materials being used. Therefore much attention has been given to developing novel nanostructured materials with high specific surface area (SSA), controlled pore size distribution, increased operating voltage and comprehensive understanding of electrode/electrolyte interfaces at the nanoscale. 2, [10] [11] [12] activities focused on developing electrode materials for supercapacitors that are capable of storing more energy without sacrificing cyclic life and power density. Pseudocapacitors are energy storage devices that undergo electron transfer reactions. 13 An example of such pseudocapacitive materials is manganese oxide (MnO 2 ). MnO 2 has attracted much attention as an electrode material because of its multiple reversible electrochemical reactions, natural abundance, low cost, and environmental compatibility. [14] [15] [16] However, due to the low electrical conductivity of MnO 2 , the rate capability and performance of MnO 2 electrodes is limited, which has hindered its potential application. The redox activity, capacitive performance and utilization of MnO 2 can be increased by adding conductive materials, such as carbon nanotubes, 17, 18 conducting polymers 19, 20 or graphene. 21, 22 Different morphologies and shapes of the MnO 2 particles have also been reported; for example, nano-whiskers have been shown to have excellent electrochemical properties because of their large surface area. 23 Graphene has been explored for electrochemical storage applications due to its high specific surface area, high electrical conductivity, chemical stability and excellent mechanical properties. 24, 25 Graphene also offers a suitable platform for accommodating metal oxides. This is attributed to its large surface area, which allows for uniform loading and binding sites for incorporation of the metal oxide materials such as MnO 2 . Also, the high conductivity of the graphene significantly improves the conductivity of the composite electrode.
Recently, Chen et al. 26 reported a three-dimensional (3D) flexible and conducting interconnected graphene network formed using chemical vapour deposition onto a catalytic nickel foam template. Graphene foam provides a desirable combination of a highly conductive network 27, 28 and a high porosity support structure that is suitable for incorporation of nanoparticles or other fillers to occupy the pores for electrochemical applications. 29, 30 Several studies have reported on synthesis of various graphene foam/MnO 2 (GF/MnO 2 ) nanocomposites using chemical synthesis, 31 microwave irradiation, 32 electrodeposition, 33 redox deposition 34 and polymer-assisted chemical reduction. 35 Recently, Dong et al. 36 reported a simple synthesis for 3D hybrid structures of MnO 2 on graphene foam in which the morphology of the MnO 2 nanostructures was controlled by the acidity of the solution. The large specific surface area of GF ensured a large loading capacity for MnO 2 nanostructures and a large active surface area for rapid charge transfer and a large double layer capacitance. They also showed that graphene-metal oxides composites offered good adhesion for the metal oxide particles, which prevented detachment and agglomeration, thereby leading to improved capacitance in the three electrode configuration.
In this study, we report on a symmetric electrochemical capacitor fabricated using GF/MnO 2 nanostructure composite electrodes based on a nickel foam current collector. Hydrothermal synthesis of MnO 2 on graphene was performed with the goal of combining double-layer and redox capacitance for achieving high energy and power densities in one device.
II. EXPERIMENTAL SECTION

A. Synthesis of graphene foam/MnO 2 composite
Graphene foam (GF) was synthesised by chemical vapour deposition (CVD) onto a catalytic nickel foam (Alantum Innovations in Alloy Foam Munich, Germany). The detailed procedure is described in our previous report. 37 To provide mechanical support for the GF during etching of nickel, polymethylmethacrylate (PMMA) was drop coated on the sample and baked at 180
• C for 30 minutes. The samples were then placed in 3 M HCl solution at 80
• C for 5 hours to ensure that nickel was completely etched away. The resulting GF sample was placed in acetone at 50
• C for 30 minutes to remove the PMMA. The samples were then rinsed in deionised water and dried.
GF/MnO 2 composites were prepared using a hydrothermal reduction technique. Typically, 15 mg of GF was dispersed in 50 mL of 0.02 M KMnO 4 (Merck), and the mixture was refluxed at 150
• C for 48 hours with continuous magnetic stirring. The resultant dispersion was then centrifuged and washed several times with deionized water, and finally dried at 60
• C in an oven. All chemicals used were of analytical grade and used as received. Deionized water was used throughout the synthesis process.
B. Physical characterization of composite
Raman spectra of GF/MnO 2 composites were recorded using a WiTec-alpha 300R+ confocal Raman spectrometer (WiTec GmbH) with the laser power of 1.5 mW in order to minimize heating effects. The excitation source was a 532-nm laser through a numerical aperture of 0.9 and 100× magnification. The GF/MnO 2 composite crystal structure was characterized using powder X-ray diffraction (XRD). An XPERT-PRO diffractometer PANalytical BV, Netherlands with theta/theta geometry, operating a cobalt tube at 35 kV and 50 mA was used. The XRD patterns of all specimens were recorded in the 20.0
• -80.0
• 2θ range with a step size of 0.017
• and a counting time of 15.240 seconds per step. Qualitative phase analysis of samples was conducted using the X'pert Highscore search match software. The surface morphology and microstructure of the composite were investigated using a Zeiss Ultra Plus 55 field emission scanning electron microscope (FE-SEM) operated at an accelerating voltage of 2.0 kV, nitrogen gas sorption analysis at 77 K (Micromeritics ASAP 2020) and transmission electron microscopy (TEM) JEOL JEM-2100F microscope operated at 200 kV. Typically, TEM samples were prepared by dispersing the samples in ethanol and dropped on lacey carbon grid for analysis.
C. Electrochemical characterization
The working electrodes for electrochemical evaluation were prepared by mixing 80 wt.% of GF/MnO 2 with 10 wt. % carbon black and 10 wt. % polyvinylidene difluoride (PVdF) binder in an agate mortar. The mixture was then dissolved in 1-methyl-2-pyrrolidinone (NMP) to form a paste. The paste was coated on the Ni foam as a current collector with a diameter of 16 mm and dried at 60
• C in an oven for 8 hours to ensure complete evaporation of the NMP. The electrochemical test of the GF/MnO 2 electrode was performed in a three electrode configuration using glassy carbon plate as counter electrode and Ag/AgCl (3 M KCl) as the reference electrode. The symmetric GF/MnO 2 /GF/MnO 2 system was investigated in a two-electrode configuration, with a glass microfiber filter paper as the separator and 1 M Na 2 SO 4 solution serving as the electrolyte in both configurations. The electrochemical properties of the supercapacitor were studied using cyclic voltammetry (CV), galvanostatic charge-discharge (GV) and electrochemical impedance spectroscopy (EIS) using an Autolab PGSTAT workstation 302 (ECO-CHEMIE) driven by the general purpose electrochemical system (GPES) software.
The CV tests were carried out in the potential range of 0 to 1 V at different scan rates ranging from 5 mV/s to 100 mV/s. The galvanostatic charge-discharge measurements were also carried out at different current densities from 0.1 Ag −1 to 0.5 Ag −1 and the EIS measurements were performed in the frequency range of 100 kHz-10 mHz. The EIS data were analyzed using Nyquist plots. 1 The cell capacitance, C cell , was then calculated from the slope of galvanostatic charge-discharge curves according to the following equation
where i is the constant current for charge-discharge, t is the discharge time and v is the discharge voltage. The specific capacitance (per unit mass) was then calculated according to the following equation
where m is the mass of a single electrodes in the cell. showed that the graphene foam was of good quality, with a low defect density. of the GF/MnO 2 composite ( Fig. 1(b) ) showed an additional sharp peak at 649.9 cm −1 , which was ascribed to the A g mode arising from breathing vibrations of MnO 6 octahedral double chains. It also corresponds to the Mn-O stretching vibration mode in the basal plane of MnO 6 octahedral chains and symmetric stretching vibration Mn-O of MnO 6 groups. 41 The well-defined Raman spectrum reflects the good crystallinity of the MnO 2 in the composite. The observed reduction of the 2D/G intensity ratio after the formation MnO 2 may be due to the introduction of disorder during hydrothermal synthesis or electronic interactions between MnO 2 and GF. 42 Both XRD patterns had narrow diffraction peaks at 2θ = 31
III. RESULTS AND DISCUSSIONS
• and 64.5
• , which correspond to the (002) and (004) reflections of hexagonal graphite, respectively. They show that the crystalline order of the CVD-grown multi-layer graphene foam was preserved after formation of the GF/MnO 2 composite. The data for the GF/MnO 2 composite (Fig. 2(b) 43 in accordance with the ICDD PDF card No. 14-0644 respectively.
The surface area of both GF and GF/MnO 2 samples were measured using nitrogen gas sorption analysis at 77 K. Typically, the nitrogen adsorption and desorption show type ll/lV isotherm as shown in Fig. 3 and the corresponding specific surface area values of 42 m 2 g −1 and 98 m 2 g −1 respectively. SEM analysis showed that the nickel foam's three-dimensional (3D) porous network structure makes it an excellent template for CVD synthesis of a 3D graphene network. The SEM image of GF is shown in Fig. 4(a) deposition. Fig. 4 (b)-4(c) are SEM images of the final GF/MnO 2 composite at different magnifications. Fig. 4 (c) reveals that most of the MnO 2 nanostructures took on a needle-like structure, which was further confirmed by transmission electron microscopy Fig. 4(d) . TEM micrographs also revealed a porous, interconnected network of graphene flakes that was expected to improve the capacitive performance of the composite by enabling easy access of ions and high ionic mobility at the electrode/electrolyte interface. Cyclic voltammetry (CV) of GF/MnO 2 electrode at different scan rates in a three electrode configuration is shown in Fig. 5(a) , the CVs of the GF/MnO 2 exhibit square-like shape in a potential window of (0-1 V vs Ag/AgCl), indicating ideal capacitive performance. The galvanostatic chargedischarge curves measured at three different current densities are shown in Fig. 5(b) . From these curves, the specific capacitance was calculated using equation (1) . At current densities of 0. the good contact made between the MnO 2 and GF, which enhances the low-conductivity of MnO 2 needle-like structure, thus enhancing the utilization of the composite in pseudocapacitive reaction leading to rapid charge transport mechanism which results in fast dynamics and easy access to ions in electrolyte thereby reducing the diffusion resistance. Fig. 6(a) shows the Symmetric CV of the GF at a scan rate of 10 mV/s and of the GF/MnO 2 composite at scan rates of 10 mV/s, 25 mV/s and 50 mV/s. The CV data for the GF appears as a straight line in the plot, indicating that it had a very low capacitance compared to the GF/MnO 2 composite. In contrast, the CV loops for GF/MnO 2 composite supercapacitor are nearly rectangular in shape, which is an indication of good capacitive behaviour and low contact resistance. 1 The enhanced capacitive result is attributed to the electrochemical capacitance from MnO 2 since it is obvious that the electric double-layer capacitance from GF is very small as seen from the CV. Thus, >90% of capacitance comes from MnO 2 , at least at low scan rates. CV loops expand with increasing scan rate and maintain the rectangular shape, which is a characteristic of increasing current response of the device, indicating a capacitive performance of the MnO 2 needle-like structure on GF up to 50 mV/s. Cyclic performance of electrodes material is very important for practical applications. Galvanostatic charge-discharge measurements were performed on GF/MnO 2 composite at different current densities in the potential range from 0 to 1V and the data are presented in Fig. 6(b) . It was observed that the GF/MnO 2 composite curves deviated from a linear shape, showing a contribution from redox processes. The capacitance of the cell was calculate using equation (1) while the maximum specific capacitance of the electrode material obtained using equations (2) was 240 Fg −1 at a current density of 0.1 Ag −1 , compared to 17 Fg −1 for the GF at the same current density. The high specific capacitance was attributed to the presence of needle-like MnO 2 . The small voltage (IR) drop observed (from charge discharge curves) indicates a low internal resistance of the device, consistent with a good adhesion between the nanostructured oxide and GF surface that improved the conductivity of electrodes.
The capacitance retention as a function of cycle number is presented in Fig. 6 (c). The figure shows that after 1000 cycles at a current density of 0.5 Ag −1 , the GF/MnO 2 composite symmetric supercapacitor device retained its initial specific capacitance. The energy storage (E) per unit mass of the GF/MnO 2 electrode and the maximum energy density of the coin cell was calculated using the equation (3) for C corresponding to C sp and C cell respectively. The values were found to be 34 Whkg −1 and 8.3 Whkg
where V is the potential window and M is the total mass of electrode material. Fig. 6(d) shows the Nyquist plot of the GF/MnO 2 composite electrode. It is a representation of the real and imaginary parts of the impedance in the sample. The plot is divided into two regions; the high-frequency region, which is a characteristic of the charge transfer process taking place at the electrode\electrolyte interface and a straight line in the low-frequency region, which represents the electron-transfer diffusion process. The intercept at the high frequency region on the x-axis corresponds to the resistance of the electrolyte solution (R s ), and is also referred to as the equivalent series resistance (ESR) which comprises of the resistance of aqueous electrolyte, the intrinsic resistance of the composite material and the contact resistance at the electrode interface. The inset to Fig. 6(d) shows that there is no loop at high frequency that might correspond to contact resistance and the ESR value for the GF/MnO 2 composite electrode is found to be 2.9 . This is a good value for composite containing 80% of poorly conducting metal oxide. This can be attributed to the good conductivity of GF.
The maximum power density (P max ) of the GF/MnO 2 electrodes was calculated using equation (4):
where V is voltage applied (1 V), R s (2.9 ) is the ESR, and M (4.5 mg) is the total mass of active material in the two electrodes. 44 Our results in the symmetric configuration with the maximum voltage window of 1 V give values that are comparable to those obtained in the asymmetric configuration. Therefore, GF with hydrothermally deposited MnO 2 needles-like structure is a promising candidate for capacitive energy storage.
IV. CONCLUSIONS
Graphene foam/MnO 2 composite electrodes have been fabricated by hydrothermal deposition of MnO 2 from KMnO 4 , and their electrochemical properties have been tested in a symmetric device with Na 2 SO 4 as the electrolyte. The 3D porous network structure of GF allows for a uniform coating and high loading of α-and γ -MnO 2 needle-like structures. The composite exhibits a specific capacitance of 240 Fg −1 at a current density of 0.1 Ag −1 and no change in capacitance was observed after 1000 cycles at a current density of 0. 
